The scope and mechanism of the microenvironmentcatalyzed C(sp 3 )−C(sp 3 ) reductive elimination from transition metal complexes [Au(III), Pt(IV)] is explored. Experiments detailing the effect of structural perturbation of neutral and anionic spectator ligands, reactive alkyl ligands, solvent, and catalyst structure are disclosed. Indirect evidence for a coordinatively unsaturated encapsulated cationic intermediate is garnered via observation of several inactive donorarrested inclusion complexes, including a crystallographically characterized encapsulated Au(III) cation. Finally, based on stoichiometric experiments under catalytically relevant conditions, a detailed mechanism is outlined for the dual supramolecular and platinumcatalyzed C−C coupling between methyl iodide and tetramethyltin. Determination of major platinum species present under catalytic conditions and subsequent investigation of their chemistry reveals an unexpected interplay between cis−trans isomerism and the supramolecular catalyst in a Pt(II)/Pt(IV) cycle, as well as several off-cycle reactions.
■ INTRODUCTION
Recognition of the role played by ligand architecture in determining the reactivity of transition metal catalysts revolutionized organotransition metal chemistry and allowed the proliferation of previously inaccessible catalytic processes, yielding methodologies with remarkable activity, selectivity, and efficiency. 1, 2 Central to this advance is the ability to modulate the catalyst's local microenvironment, both steric and electronic, as a means to influence the rates of individual elementary steps, control catalyst speciation, and disfavor deactivation pathways. However, in employing this approach, one necessarily defines the same microenvironment to the transition metal center throughout the course of the catalytic cycle, often resulting in a trade-off between elementary steps, wherein a ligand architecture may accelerate a step of interest at the expense of another on-cycle reaction.
This limitation is circumvented if a microenvironment is applied uniquely to a single elementary step via the selective recognition of a particular catalytic intermediate and its subsequent transition state by transient encapsulation within a supramolecular cocatalyst ( Figure 1) . 3, 4 In such an approach, the microenvironment of the transition metal catalyst can be defined differentially for one step of the catalytic cycle. Our group recently reported a realization of this strategy, employing a union of supramolecular and transition metal catalysis to selectively accelerate the rate-determining step within a crosscoupling catalytic cycle. 5 In the initial report, supramolecular microenvironment catalyst 1 ( Figure 1 ) was shown to dramatically accelerate the C−C reductive elimination from high-valent [Au(III), Pt(IV)] metal alkyl complexes. This capacity was rendered into a dualcatalytic C(sp 3 )−C(sp 3 ) coupling in which the cooperative action of both a platinum and supramolecular catalyst was required for efficient turnover. 5 The substantial effect of the supramolecular catalyst prompted us to examine the structure− reactivity relationships involved in greater detail, as a means to better ascertain the nature of the interaction between these two catalytic manifolds.
The self-assembled K 12 (Ga 4 L 6 12− ) [L = N,N′-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene] supramolecular assembly 1 is a tetrahedral cluster comprised of four pseudooctahedral gallium tris(catecholate) vertices bridged by bis-bidentate ligands. 6 Due to mechanical coupling, 1 assembles as a racemic mixture of diastereomerically pure ΔΔΔΔ and ΛΛΛΛ isomers. Related cluster 2 is decorated at the vertices with chiral amide functionality, which imparts increased thermal and oxidative stability to the cluster. 7 Rapid and reversible guest encapsulation occurs via an aperture dilation mechanism, and both neutral and cationic guests have been observed to bind with high affinity. 8 Guest molecules within 1 experience a diagnostic upfield shift in 1 H NMR resonances of up to 3 ppm due to close contact with the ring current of the flanking naphthalene walls, which allows for convenient identification of encapsulated species. 6 The enzyme-like binding pocket also modulates the properties of guests encapsulated within cluster 1, with an observed pK a shift for amines and phosphines, decreasing their basicity by up to 4 orders of magnitude. 9 Furthermore, 1 is capable of noncovalent recognition of several cationic transition states, having been shown to catalyze a variety of Brønsted acid mediated and cyclizative transformations.
10 Cluster 1 also effectively encapsulates transition metal complexes via concomitant heterolysis of a metal−halogen bond.
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■ INITIAL FINDINGS
Capitalizing on the recognition of cationic transition states and binding of transition metal complexes, we previously disclosed the catalysis of alkyl−alkyl reductive elimination from Au(III) complex 3-I (eq 1) and Pt(IV) complex 5 (eq 2). 5, 12, 13 The rates in the presence of 10 mol % 1 were substantially faster than those of the corresponding background reactions (measured by blocking the binding pocket of 1 with the strongly bound guest Et 4 P B(Ar F ) 4 [Ar F = 3,5-bis(trifluoromethyl)phenyl]), with 4000-and 2300-fold differences in the observed rate, respectively.
14 Kinetic experiments on both Au and Pt complexes by the method of initial rates showed first-order dependence on 1, inhibition by exogenous iodide, and saturation in the transition metal substrate. These results were consistent with a Michaelis−Menten-like mechanism, involving preequilibrium dissociation of halide and encapsulation by the supramolecular host complex followed by rate-limiting reductive elimination (Scheme 1).
Lineweaver−Burk analysis afforded the rate of reductive elimination within the supramolecular assembly (k cat ), with measured values of 3.3 × 10 −2 s −1 for 3 and 2.4 × 10 −2 s −1 for 5 corresponding to accelerations (k cat /k uncat ) of 5.0 × 10 5 and 2.6 × 10 4 respectively.
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■ INFLUENCE OF SPECTATOR LIGANDS
In our initial report, we also noted the dramatic influence of the neutral phosphine ligand on the cluster-catalyzed reductive elimination of ethane from Au(III). 5 The triethylphosphine ligated complex 7-I undergoes catalyzed reductive elimination with a half-life 68 times shorter than that observed for the trimethylphosphine analogue (47 s vs 53 min) as shown in eq 3.
16 This is in stark contrast to the approximately 4-fold difference in the uncatalyzed rates that is observed. Indeed, as determined by Michaelis−Menten analysis, the measured rate of reductive elimination within the supramolecular assembly (k cat ) is 38 times faster for 7 than for 3 and is the highest acceleration over background observed to date for any synthetic supramolecular catalyst (k cat /k uncat = 1.9 × 10 7 ). A more detailed analysis of the relative rate constants for reductive elimination from 3-I and 7-I reveals that 7-I is bound more tightly by 1 and, after the binding event, the transition state for reductive elimination from 7-I is effectively more stabilized by 1 than is the transition state of reductive elimination from 3-I. Comparison of the ratio of catalyzed observed rates (68-fold corresponding to ΔΔG ‡ = 2.5 kcal/ mol) to the ratio of k cat (38-fold corresponding to ΔΔG ‡ = 2.2 kcal/mol) suggests that the triethylphosphine ligated complex shows higher binding affinity for the interior of 1 (ΔΔG = 0.3 kcal/mol). Furthermore, comparison of the ratio of background rates of reductive elimination from 3-I and 7-I (3.8-fold corresponding to ΔΔG ‡ = 0.79 kcal/mol) to the ratio of the catalyzed rate of reductive elimination suggests that 1 more effectively stabilizes the transition state for reductive elimination from the triethylphosphine ligated complex (ΔΔΔG ‡ = 1.7 kcal/mmol). For a graphical depiction of this analysis, see the Supporting Information ( Figure S7 ). 17 Several possible explanations for this phenomenon are consistent with the experimental results: (i) increased steric compression of the larger complex within the supramolecular cavity (thus destabilizing the bound ground state relative to the transition state for reductive elimination), 1 (ii) increased hydrophobicity due to Et 3 P, 8b (iii) better shape complementarity resulting in better solvent exclusion and increased contact surface area, 18 or (iv) higher concentrations of the free cationic Au(III) complex as a result of the stronger electron donation from the triethylphosphine ligand.
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A second salient difference between 3-I and 7-I is their behavior at extended reaction times (Figure 2 ). Consumption of 3-I deviated from first-order decay, concurrent with a buildup of two signals in the upfield region of the 1 H NMR spectrum (indicative of a strongly encapsulated complex). In contrast to this, 7-I showed clean first-order behavior, with no catalyst deactivation observed.
The guest complex formed in the reaction of 3-I was consistent with bis(trimethylphosphine) gold cation 9 ⊂ 1, which was verified by encapsulation of independently synthesized 9 (eq 4). 19 In contrast, the rate of reductive elimination from triphenylphosphine congener 10 is uninfluenced by the presence of a catalytic amount of 1, indicative of size exclusion from the binding pocket of the supramolecular catalyst (eq 5). This phenomenon has been well-documented in the context of both supramolecular and enzymatic catalysis.
20,21
The identity of the halide substituent on 3 also has a dramatic effect on the rate of the reaction, as well as the catalyst deactivation pathways. Examination of the iodide, bromide, and chloride congeners 3-I, 3-Br, and 3-Cl revealed a significant influence on the observed rate of 1-catalyzed reductive elimination, with the relative rates increasing in the order Cl ≈ Br > I (Figure 3 ). We also observed product inhibition from encapsulation of the resulting Au(I) complexes 4-Cl and 4-Br but not for 4-I.
In order to determine the generality of this behavior, the corresponding triethylphosphine ligated analogues 7-Cl and 7-Br were prepared and subjected to cluster catalyzed reductive elimination. The results showed significant product inhibition by 8-Cl and 8-Br, with substantial deviation from first-order decay. In contrast, 7-I and its product 8-I followed an uninhibited first-order reaction profile past five half-lives ( Figure 4) . Indeed, the rapid rate of the reaction and sheer extent of product inhibition in the case of 7-Cl and 7-Br precluded a quantitative comparison of the initial rate differences between this halide series. However, the qualitative trend for overall reaction rate of Cl ≈ Br > I is consistent between the 3-X and 7-X series.
Based on the proposed mechanism for cluster catalyzed reductive elimination, one would expect pre-equilibrium halide dissociation to influence the overall rate. However, a priori, the direction of this influence is unclear. Examination of a generalized equilibrium for encapsulation reveals that the empty cluster and encapsulated cation are identical for all members of the series, and as such only the Au−X heterolytic bond dissociation energies and differences in solvation of the dissociated halide anion can influence the position of the equilibrium. For Au(III) the Au−X heterolytic bond strengths trend as Au−I < Au−Br < Au−Cl, 22 while solvation enthalpy of the dissociated halides 23 trends as Cl > Br > I. Clearly the observed rates for reductive elimination for 3 (Cl ≈ Br > I) correlate more strongly with the halide solvation enthalpy than the relevant Au(III) halide bond strengths (one would expect the gold chloride complexes to undergo slower reductive elimination in that case).
For Au(I), the relative influence of solvation and bond strength is less clear. The heterolytic bond strengths trend as Au−Br < Au−Cl < Au−I. 23 Here, the observation of product inhibition in the case of the bromide and chloride Au(I) complexes is consistent with both solvation-dependent and bond-strength-dependent equilibria for encapsulation of 4-X and 8-X, but the observation of solvation-dominated behavior for Au(III) suggests that the influence of solvation is likely also the major factor in this trend. Additionally consistent with this explanation is the observation that increasing the water content of the solvent resulted in a corresponding increase in reaction rate (see SI for details).
■ NATURE OF THE MICHAELIS COMPLEX
While kinetic investigations of the catalytic reductive elimination process reveal a Michaelis−Menten-like mechanism reminiscent of enzymatic catalysis, these data reveal little about the nature of the organometallic species undergoing reductive elimination; in the case of reductive elimination from platinum complex 5, C−C bond formation might occur from a pentacoordinate intermediate, or alternatively from the hexacoordinate solvento complex.
Reductive elimination has previously been observed from hexacoordinate d 6 and square planar d 8 metals both with and without prior ancillary ligand dissociation in different cases, suggesting that either pathway might be competent. 1, 12, 25, 26 While direct observation of this transient intermediate is precluded, some insight into its nature may be gained from the introduction of appropriate nonsolvent neutral donors.
Indeed, serendipitous donor-arrested reductive elimination was first observed as a cluster deactivation pathway in the catalyzed reductive elimination from 3-I (vide supra). In contrast to the transient substrate−host complexes which rapidly undergo reductive elimination, the deactivated inclusion complex 9 ⊂ 1 was persistent enough to allow characterization by single-crystal X-ray diffractometry. Suitable crystals of complex 9 ⊂ 1 were obtained by vapor diffusion of acetone into a solution of the complex in 1:1 water and methanol over 2 weeks ( Figure 5 ). Due to limited crystal size and a high degree of solvent disorder, synchrotron radiation was required to collect a sufficient data set at 0.88 Å resolution with 1.2276 Å radiation. Complex 9 ⊂ 1 crystallized in the monoclinic space group P2 1 /c with 4 formula units per unit cell, and the data are consistent with a molecule of 9 encapsulated within the cavity of 1.
11e, 18 Further crystallographic information can be found in the Supporting Information.
Similarly, the addition of exogenous neutral ligands to a solution of 5 and cluster 1 inhibited the catalyzed reductive elimination and afforded the corresponding high valent cationic inclusion complexes. A small excess of either trimethylphosphine or dimethylsulfide both effected the uptake of the cationic Pt(IV) after displacement of the iodide ligand to form a kinetically stable 1:1 host−guest complex ( Figure 6 ). 27 These inclusion complexes were persistent even upon heating over 48 h, with no detectable reductive elimination observed. In the absence of cluster 1, no iodide displacement could be detected by 1 H NMR in the presence of dimethylsulfide, and only slow, partial displacement was observed with trimethylphosphine alone. In contrast, added trimethylamine had no effect on 5 or the supramolecular cluster, and the catalyzed reductive elimination proceeded unabated, a phenomenon that likely reflects the low innate affinity of platinum for amine donors.
Surprisingly, carbon monoxide was capable of displacing iodide from 5 to form a hexacoordinate inclusion complex within 2 (albeit with only partial occupancy of 2, indicating a lower overall association constant). This observation was made quite unexpectedly in the context of an attempted carbonylative coupling (vide inf ra), where no reactivity was observed, due to the encapsulation of the cationic Pt(IV) carbonyl 11 ( Figure  7) . 27 While Pt(IV) carbonyl complexes have been previously observed, their rarity can be attributed to the paucity of electron density available for backdonation to carbonyl antibonding orbitals, underscoring the ability of 2 to perturb otherwise unfavorable equilibria. 28 Indeed, the IR spectrum of 11 ⊂ 2 showed a CO stretch at ν = 2110 cm The fact that these hexacoordinate cationic species, even with donors as weak as carbon monoxide, undergo substantially inhibited reductive elimination compared to the parent catalytic process provides evidence by analogy that the putative oxygen coordinated solvento complex is unlikely to be the relevant species undergoing carbon−carbon bond formation. We therefore favor a model in which the coordinatively unsaturated pentacoordinate cationic metal complex undergoes reductive elimination within the cavity of the supramolecular assembly.
■ SCOPE OF THE REDUCTIVE ELIMINATION
Despite the noted influence of the spectator ligands, the actively transformed ligands are of greatest interest in the overall process. In order to glean further mechanistic insights as well as to determine the scope of cluster catalyzed reductive elimination, a sampling of typical functionality was examined.
Diethyl gold complex 13, in the presence of 10 mol % of cluster 1, underwent catalyzed reductive elimination to form butane with an observed rate constant of 7.6 × 10
, a relative rate of 29 when compared to catalyzed reductive elimination from dimethyl gold complex 3-I (k obs = 2.6 × 10
) (eq 6).
The consumption of ethyldimethyl platinium complex 14 was also accelerated dramatically in the presence of cluster 1; however, instead of observing carbon−carbon bond formation, the exclusive organic products of the reaction were methane and ethylene (eq 7).
29 These products arise from β-hydride elimination from the pentacoordinate cationic encapsulated species to release ethylene, and subsequent methyl-hydrogen reductive elimination to form methane. 30 The catalyzed process took place with a half-life around 1 h, while, in the uncatalyzed reaction, only trace β-hydride elimination was observed after 16 h.
The acceleration of β-hydride elimination from 14 indicates that the intrinsic reactivity preferences of the metal are not overridden by the cluster; however, it highlights the fact that other elementary transformations are also subject to catalytic acceleration by 1, so long as they also proceed through cationic transition states.
Acyl dimethyl platinum complex 15 undergoes reductive elimination, catalyzed by cluster 1, to form acetone. The observed 15-fold acceleration over background in this case is modest relative to the aforementioned C(sp 3 )−C(sp 3 ) reductive eliminations, with an initial rate of 2.2 × 10
in the presence of 10 mol % cluster and 1.5 × 10 −4 s −1 in the background reaction (eq 8). 30 This can be explained by the relatively low barrier to reductive elimination in the uncatalyzed -hybridized and electron-deficient acyl group. In this case, the kinetic product is the cis-chloroplatinum complex, but it undergoes isomerization to the trans isomer after reductive elimination.
On the other hand, reductive elimination from benzyl substituted platinum complex 16 was not accelerated in the presence of cluster 1 (eq 9). 29 The lack of catalytic activity in this case is most likely explained by a size exclusion phenomenon (similar to 10, vide supra), where the benzyl group renders the complex too bulky to be encapsulated by the cluster.
Electronically similar allyl platinum complex 17 29 also did not undergo catalyzed reductive elimination; however, a platinum species, consistent with the η 3 -allyl platinum(IV) complex 18, was observed as a strongly bound guest in the cluster cavity. The chiral cis-dimethyl η 3 -allyl platinum cation is kinetically trapped as a diastereomeric mixture within the homochiral T-symmetry cluster. However, after 24 h, the complex isomerizes to favor the achiral trans-dimethyl η 3 -allyl platinum cation 19 as the thermodynamic product ( Figure  8) . 27, 31 The equilibrium mixture of 18 ⊂ 1 and 19 ⊂ 1 was persistent, with no reductive elimination observed even after heating to 45°C for 48 h. For encapsulated 18, reductive elimination is decelerated relative to the background reaction, which may be viewed as a case of intramolecular donor arrested reductive elimination, analogous to the previously observed behavior in the presence of exogenous neutral donors. For a similar allyldimethyl complex, Puddephatt and co-workers were unable to observe an η 3 -allyl complex by treatment with AgPF 6 . Instead, disproportionation products following reductive elimination were observed highlighting the divergent behavior enabled by the microenvironment of 1.
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To probe the limits of the intramolecular donor-arrested reductive elimination, the homologated series of butenyl, pentenyl, and hexenyl platinum(IV) complexes 20, 21, and 22 were investigated ( Figure 9 ). Unfortunately, the high propensity of these complexes to undergo β-hydride elimination prevented their isolation and purification. To circumvent this, the platinum(IV) complexes were generated in situ, followed by treatment with cluster 1. The butenyl and pentenyl complexes were strongly encapsulated, and while both inclusion complexes were persistent on the time scale of days, the broadened 1 H NMR resonances in the encapsulation region for pentenyl complex 21 ⊂ 1 suggest that it is less strongly bound than the butenyl analogue. Conversely, only trace encapsulation of hexenyl analogue 22 is observed after 30 min at ambient temperature, and no species are encapsulated after 12 h with background formation of products from β-hydride elimination observed. This trend can potentially be explained as the result of several phenomena, including (i) conformational strain of the expanded ring complexes, (ii) the entropic cost of folding the homologated chains to bring the donor olefin into contact with the Pt cation, and (iii) size exclusion of the less compact complexes.
■ DUAL CATALYSIS
With the influence of various factors in the supramolecular catalysis of reductive elimination elucidated, we turned our attention to the dual supramolecular and platinum catalyzed cross-coupling reaction which evolved from this stoichiometric precedent. As reported previously, catalyst 2 in combination with precatalyst 23 enables the cross-coupling of methyl iodide and tetramethyltin to provide ethane (Figure 10) . 5 The reaction requires the addition of fluoride, due to the strong encapsulation of the trimethyltin iodide byproduct. Under these conditions, the supramolecular catalyst exerts a dramatic effect on the reactivity of the platinum catalyst, with substantially slower conversion in its absence. 
■ INFLUENCE OF THE SUPRAMOLECULAR CATALYST
For the dual catalytic reaction, it was necessary to employ a modified supramolecular catalyst 2, bearing electron-withdrawing amide substituents on the catecholate ligands bound to gallium. This was implemented as a means to increase the stability of the supramolecular catalyst to the methyl iodide substrate, but could potentially have an influence on the rate of catalyzed reductive elimination.
In order to explore this possibility, the rate of reductive elimination of both Au complex 3-I and Pt complex 5 catalyzed by 2 was measured. In each case, 2 was found to give an observed rate of reductive elimination approximately 1.5 times faster than that of 1. Similar relative rates have previously been measured for transformations catalyzed by 1 and 2. 32 Interestingly, the reductive elimination of 3-I catalyzed by 2 does not deviate from first-order behavior, with no bis-(phosphine) inclusion complex (9 ⊂ 2) detected (Figure 11 ).
One possible explanation is that 9 is formed from trimethylphosphine liberated upon oxidation of the supramolecular catalyst by 3-I or 4-I, and the decreased electron density of the catecholate ligands on 2 relative to 1 slows this deleterious side reaction.
Catalyst 2 was also found to serve as a more robust catalyst in the reductive elimination from 7-I, with a turnover number (TON) of 947, compared to the measured TON of 312 for complex 1. Though the catalyst deactivation pathway in this case is unknown, it again seems plausible that 1 and 2 are oxidized by 8-I and that the less electron-rich catecholate ligands are less susceptible to oxidation. This is supported by the formation of Au 0 precipitate after a large number of turnovers with 1 but not with 2.
■ MECHANISM OF DUAL CATALYSIS
The observation of a dual supramolecular and platinum catalyzed cross-coupling between an alkyl stannane and an alkyl halide led us to interrogate the mechanism by which this process occurs. Namely, despite the presumed involvement of our stoichiometrically validated supramolecular catalysis of the C−C reductive elimination, the remaining elements of the catalytic cycle remained unclear. For one, limited precedent for transmetalation of alkyl stannanes to phosphine-supported platinum existed, and any additional role of fluoride (originally added to scavenge trimethytin iodide 5 ) in this step was unclear.
33 Beyond this, oxidative addition of methyl iodide has been reported to both mono-and dialkyl Pt(II) complexes, suggesting that either pathway might be relevant. 30 We began our investigation by identification of the major platinum species present under the dual-catalytic conditions starting from the precatalyst 23. By a combination of 1 H and 31 P NMR, we identified four species, which were definitively assigned by independent synthesis as the Pt(II) complex 6, and the three Pt(IV) complexes 5, 24, and 25 (Figure 12 ). While 5 and 6 were not unexpected considering their role in the above stoichiometric reactivity, the involvement of 24 and 25 was less easily accommodated by our initial mechanistic hypothesis. The concentrations of these species over the course of the reaction is shown in Figure 12 . While 6 maintains a roughly steady concentration, the initial burst and subsequent decay of 24 is accompanied by the growth in concentration of 5, with 25 growing in gradually at late reaction times. 34 In order to understand the origin of these species, we undertook a series of stoichiometric experiments, beginning with an investigation into the formation of tetramethylplatinum(IV) complex 24.
24,35 Treatment of 5 with tetramethyltin under catalytically relevant conditions led to no reaction (eq 10). However, addition of potassium fluoride to the same mixture resulted in rapid transmetalation to generate 24 and trimethyltin fluoride (eq 11). Surprisingly, this process was found to be reversible, and in the presence of trimethyl tin fluoride and potassium iodide, 24 was found to undergo conversion to tetramethyltin and 5 (eq 12).
36,37
These results suggest a dynamic Pt(IV)/Sn transmetalation equilibrium mediated by fluoride, in which the relative concentrations of the four species dictate the overall distribution. This dynamic equilibrium can be readily observed by 1 H NMR under our catalytic conditions by comparing the relative concentrations of trimethyltin fluoride/tetramethyltin and 5/24 ( Figure 13) ; at early reaction times, 24 is a major species due to the high concentration of tetramethyltin, but as the reaction proceeds, tetramethyltin is consumed and trimethyltin fluoride is produced, pushing the equilibrium back toward 5.
Having established the likely origin of 24, we turned our attention to the fate of the Pt(II) complex 6. Similar transmetalation experiments indicated that tetramethyltin was unreactive with 6 in either the presence or absence of potassium fluoride on catalytically relevant time scales (eq 13). However, it was observed that an equimolar mixture of 6 and 24 resulted in formation of 5 and 23 (eq 14). The kinetic product of transmetalation is the trans-dimethylplatinum(II) complex 28 (vide inf ra), but it undergoes isomerization to the cis isomer. The overall process was found to be reversible, suggesting a possible Pt(IV)/Pt(II) transmetalation equilibrium.
However, 6 was additionally found to undergo oxidative addition of methyl iodide to afford 25 (eq 15), and a direct comparison of the two reaction rates under catalytically relevant concentrations showed that oxidative addition outcompetes transmetalation by a substantial factor (Figure 14 ).
This observation led us to more closely examine the behavior of 25. No reductive elimination was observed in the presence or absence of a supramolecular catalyst. However, in a fashion similar to that observed with 5, fluoride promoted transmetalation of tetramethyltin to 25 was found to occur to yield 26 and 27, which could be isolated and fully characterized (eq 16). Complexes 26 and 27 are the trans-phosphine analogues of 5 and 24, but do not undergo detectable thermal isomerization to the thermodynamically favored cis-isomers on catalytically relevant time scales.
Moreover, 25 and 27 were observed to conproportionate to yield 26 in the absence of tin, and 26 was observed to disproportionate into 25 and 27 under similar conditions, 
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Article DOI: 10.1021/jacs.6b05442 J. Am. Chem. Soc. 2016, 138, 9682−9693 suggesting that equilibration via Pt(IV)/Pt(IV) methyl transfer is possible under catalytic conditions. This phenomenon was used in the preparation and isolation of 26.
These observations were surprising given that 26 and 27 are not detectable as intermediates in the dual catalytic reaction. However, treatment of 26 with the supramolecular catalyst 2 leads to rapid consumption of the trans-starting material, affording a mixture of cis-isomer 5 and reductive elimination product 6, along with ethane, explaining its low concentration under catalytic conditions (eq 17).
The reaction was too rapid for accurate monitoring by 1 H NMR at the catalytically relevant temperature of 45°C, but at 25°C a rate of 2.0 × 10 −2 s −1 was measured for the combined isomerization/reductive elimination process. For comparison, the pseudo-first-order rate of oxidative addition of methyl iodide to 6 at 45°C was measured to be 4.38 × 10
. This disparity clearly suggests that the failure to detect 26 under catalytic conditions is due to its rapid consumption in the presence of the supramolecular catalyst.
Taken together, these observations suggest an overall mechanism for the process in which the trans-isomers of the Pt(II) and Pt(IV) complexes lie on cycle, with 5 serving as a readily engaged off-cycle resting state and reservoir ( Figure 15 ). Oxidative addition precedes transmetalation, and 26 is rapidly engaged by the supramolecular catalyst.
38 This mechanism is consistent with the observed platinum speciation and suggests that as the concentration of tetramethyltin decreases, the reaction undergoes a shift in the turnover-limiting step (from oxidative addition to transmetalation) and concomitant change in the on-cycle resting state (from 6 to 25). Additionally consistent is the observation that 6 is a competent precatalyst for this process. 39 Further support is garnered from flooding experiments; when a 10-fold excess of methyl iodide is introduced, 6 is no longer detectable as a persistent intermediate, whereas introduction of a 10-fold excess of tetramethyltin allows 27 to build to detectable levels under catalytic conditions. This mechanism can be used to model the observed concentrations of each platinum species, as well as the tin and alkyl halide species observed under the reaction conditions, using the modeling program COPASI. 40 Table S1 shows the fitted parameters, and Figure S14 shows the agreement of the model with the measured Pt complexes, with the behavior well recapitulated by the proposed mechanism.
■ IDENTIFICATION OF AN ACIDOLYSIS SIDE REACTION
In addition to the desired cross-product, ethane, small amounts of methane-d 1 were detected by GC-MS of the reaction headspace. Upon examining several potential sources of this side product, it was observed that treatment of 24 with supramolecular complex 1 results in the formation of ethane, methane-d 1 , and 23 (eq 18). This reaction is not inhibited by Figure 15 . Proposed mechanism for the dual catalytic cross-coupling. (Figure 16 ). These data are consistent with a mechanism involving cluster-promoted acidolysis of 24, 9 which generates the corresponding cationic trimethyl Pt(IV) complex. Upon cluster-promoted reductive elimination of ethane, the cationic monomethyl Pt(II) complex can abstract a methyl from 24, continuing the chain reaction ( Figure 17 ). The decrease in mass balance, then, corresponds to the formation of rapidly exchanging unsaturated cationic complexes, either bound within the cluster or free in solution. Similar behavior has previously been observed for Pt(IV) complexes by Puddephatt in the absence of a supramolecular host, wherein initiation occurs by the addition of an extrinsically prepared coordinatively unsaturated cationic Pt(II) complex.
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Because the propagation of this pathway is inhibited by iodide, it is unlikely to occur with a significant chain length under catalytic conditions. Furthermore, the substrate for acidolysis (24) is present in substantial concentrations only at early reaction times. Nonetheless, this reactivity likely explains some of the observed side-product formation.
■ CONCLUSIONS
Microenvironment catalysis affords a unique opportunity to transiently modulate the stereoelectronic atmosphere of a catalytic intermediate for one step of a cycle, while leaving the remainder of the cycle unperturbed. In this work, we have thoroughly examined the cationic intermediates preceding, and transition states for carbon−carbon bond-forming, reductive elimination that are recognized by a cocatalytic supramolecular cluster.
The substitutional effects on spectator ligand, halide, reactive group, solvent, and catalyst were systematically explored, and insight into the nature of the resultant Michaelis complex was garnered. A full mechanism for the dual catalytic coupling reaction of alkyl tin and alkyl halide was elucidated on the basis of stoichiometric experiments under catalytically relevant conditions, as well as the mechanism of an acidolysis side reaction.
The strategy outlined herein should be broadly applicable to other elementary steps of interest, and the implementation of other supramolecular catalysts with orthogonal properties and reactivity preferences should allow the extension to other manifolds of reactivity (e.g., transmetalation, oxidative addition, migratory insertion, etc.). 3, 4, 43 As the instances of this strategy proliferate, catalytic cycles could be developed for which each elementary step is individually engaged by a uniquely tailored microenvironment catalyst. Furthermore, the evolution of more sophisticated supramolecular architectures which are capable of influencing a metal's innate reactivity preferences rather than amplifying them are also surely on the horizon.
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